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►  NOx  emissions  are  always  very  low  regardless  of  the  combustor  operating  conditions 
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The  aim  of  this  study  was  to  investigate  experimentally  the  flameless  oxidation  phenomena.  Experiments 
have  been  performed  in  a  small-scale  combustor  fired  with  methane,  and  include  detailed  measurements 
of  local  mean  temperatures  and  concentrations  of  major  gas  species  for  four  representative  combustor 
operating  conditions,  and  flue-gas  measurements  for  27  operating  conditions  to  quantify  the  combustor 
performance  as  a  function  of  the  excess  air  coefficient,  inlet  air  velocity,  fuel  thermal  input  and  preheat 
temperature  of  the  combustion  air.  It  was  demonstrated  that  for  the  present  combustor  it  is  possible  to 
establish  flameless  conditions  over  a  wide  range  of  operating  conditions.  The  detailed  in-combustor  data 
show  that  the  temperature  and  the  02  mole  fraction  fields  are  relatively  uniform,  and  that  the  maximum 
mean  temperatures  reached  throughout  the  combustion  chamber  are  relatively  moderate,  below 
1500  °C,  even  under  conditions  in  which  the  level  of  preheating  of  the  combustion  air  is  relatively  high. 
The  flue-gas  data  reveal  that  NOx  emissions  are  always  very  low  regardless  of  the  combustor  operating 
conditions.  However,  the  CO  and  HC  emissions,  and  thus  the  combustion  efficiency,  are  strongly  affected 
by  the  levels  of  excess  air  and  preheating  of  the  combustion  air.  It  was  found  that  the  combustion 
efficiency  correlates  reasonably  well  with  the  parameter  (Tai,-/Tfuei)  x  (rhfuei/mair),  varying  linearly  with  it 
if  its  value  is  below  =0.1  and  remaining  equal  to  approximately  100%  otherwise. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Flameless  oxidation  is  a  combustion  regime  where  the  reactants 
are  highly  diluted  with  hot  combustion  products,  causing  the 
reactions  to  occur  in  a  distributed  reaction  zone  with  a  reduced 
temperature  maximum,  smooth  temperature  gradients  and  low 
oxygen  partial  pressure.  In  this  regime,  distinct  flame  fronts,  as  they 
occur  in  typical  lean  premixed  or  diffusion  flames,  are  replaced  by 
a  volume  type  flame  mode.  As  a  consequence,  the  temperature 
distribution  is  nearly  uniform  and  NOx  emissions  are  very  low.  The 
reduction  of  the  aero-acoustic  fluctuations  and  extended  stability 
limits  are  additional  benefits  of  this  combustion  regime.  This 
technology  has  received  various  names,  such  as  high  temperature 
air  combustion  (HiTAC)  [1],  flameless  oxidation  (FLOX®)  [2], 
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moderate  or  intense  low  oxygen  dilution  (MILD)  combustion  [3] 
and  colorless  distributed  combustion  (CDC)  [4],  with  a  number  of 
studies  revealing  the  success  of  this  technology  as  a  NOx  control 
technique. 

Previous  related  experimental  studies  on  this  subject  include 
those  described  in  references  5  to  16,  among  others.  Plessing  et  al. 
[5]  reported  instantaneous  measurements  of  temperature  and  OH 
concentration  from  a  combustion  chamber  and  concluded  that, 
under  flameless  oxidation  conditions,  combustion  takes  place  in 
a  regime  similar  to  that  of  a  well-stirred  reactor,  where  no  ignition 
and  quenching  events  occur,  which  explains  the  low  level  of  the 
combustion  noise  associated  with  this  combustion  regime.  The 
measurements  showed  that  the  temperature  rises  smoothly  and 
continuously  along  the  furnace  and  that  the  OH  is  homogeneously 
distributed  in  the  burnt  side  of  the  flame.  The  experimental  results 
also  showed  that  the  flameless  oxidation  regime  yields  lower  NOx 
emissions  as  compared  with  conventional  flames.  Weber  et  al.  [6] 
reported  detailed  measurements  of  velocity,  temperature,  gas 
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species  composition  and  radiation  from  flameless  combustion  in 
a  natural  gas-fired  semi-industrial  furnace,  and  concluded  that  the 
furnace  was  operating  under  conditions  resembling  a  well-stirred 
reactor,  with  almost  all  furnace  volume  filled  with  combustion 
products  containing  2—3%  of  O2.  Later  on,  Weber  et  al.  [7]  obtained 
results  from  the  same  facility  that  reveal  the  potential  of  this 
technology  also  for  the  combustion  of  liquid  and  solid  fuels. 
Flamme  [8]  reported  detailed  measurements  of  temperature  from 
a  semi-industrial  furnace  operating  under  fiameless  oxidation 
conditions,  with  the  results  revealing  the  uniformity  of  the 
temperature  field  and  showing  the  capacity  to  achieve  low  NOx 
emissions  using  this  technology  even  with  high  preheated  air 
levels.  Dally  et  al.  [9]  studied  the  effects  of  the  fuel  dilution  with  C02 
and  N2,  in  a  recuperative  furnace,  on  the  structure  of  the  flameless 
oxidation.  The  results  showed  that  the  dilution  of  the  fuel  stream 
with  inert  gases  may  help  to  achieve  fiameless  oxidation  conditions 
and  to  reduce  NOx  emissions.  Simultaneous  imaging  of  OH  and 
temperature  confirmed  that  the  reaction  zone  is  rather  distributed 
under  fiameless  oxidation  conditions.  Szego  et  al.  [10]  reported 
measurements  of  temperature  and  flue-gas  composition  from 
a  MILD  laboratory  combustion  furnace.  They  found  that  air  pre¬ 
heating  is  not  required  to  achieve  MILD  combustion,  even  with  40% 
of  useful  heat  being  extracted  through  a  cooling  loop.  Subsequently, 
Szego  et  al.  [11]  investigated  in  the  same  furnace  the  operational 


characteristics  of  a  parallel  jet  MILD  combustion  burner  system. 
They  found  that  a  certain  fuel  jet  momentum  threshold  was  needed 
to  achieve  MILD  conditions.  This  momentum  ensured  the  pene¬ 
tration  of  the  fuel  jets  to  a  region  classified  as  the  oxidation  zone. 
More  recently,  Mi  et  al.  [12]  reported  an  investigation  on  the  effects 
of  the  air— fuel  injection  momentum  rate  and  the  air— fuel  pre¬ 
mixing  on  the  MILD  combustion  in  a  laboratory  recuperative 
furnace.  Various  patterns  of  partially  and  fully  premixed  reactants 
have  proven  experimentally  to  work  extremely  well  in  the  config¬ 
uration  studied.  It  was  concluded  that,  above  a  critical  momentum 
rate  of  the  inlet  fuel— air  mixture  below  which  MILD  combustion 
cannot  occur,  both  the  inlet  fuel— air  mixedness  and  momentum 
rate  impose  insignificant  influence  on  the  stability  of  and  emissions 
from  the  MILD  combustion.  Very  recently,  Verissimo  et  al.  [13]  and 
Castela  et  al.  [  14]  also  examined  the  conditions  required  to  establish 
MILD  combustion  in  two  small  laboratory  combustors,  evidencing 
the  importance  of  the  excess  air  coefficient  and  of  the  inlet  air 
velocity.  Finally,  in  the  context  of  multiple  fiameless  combustion 
burners,  the  recent  work  of  Danon  et  al.  [15,16]  must  be  mentioned. 
These  authors  presented  an  interesting  study  undertaken  on 
a  300  kW  furnace  equipped  with  three  pairs  of  regenerative 
fiameless  combustion  burners,  whose  main  objective  was  to  opti¬ 
mize  the  furnace  performance  as  a  function  of  the  burner  config¬ 
uration,  firing  mode,  excess  air  and  cycle  time. 
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Fig.  1.  Schematic  representation  of  the  small-scale  combustor. 
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Despite  the  reasonable  number  of  studies  in  the  literature,  the 
amount  of  detailed  experimental  data  available  for  combustors 
operating  under  flameless  conditions  is  relatively  scarce  and,  in 
general,  when  reported,  is  for  very  few  and  narrow  combustor 
operating  conditions.  The  present  investigation  aims  to  extent  the 
present  data  base  on  flameless  oxidation  and  thereby  to  improve 
the  understanding  of  the  processes  which  occur  during  this 
combustion  regime.  To  this  end,  experiments  have  been  performed 
in  a  methane-fired  small-scale  combustor,  and  include  detailed 
measurements  of  local  mean  temperatures  and  concentrations  of 
major  gas  species  for  four  representative  combustor  operating 
conditions,  and  flue-gas  measurements  for  27  operating  conditions 
that  allow  to  quantify  the  dependence  of  the  NOx  emissions  and 
combustion  efficiency  on  the  stoichiometry,  inlet  air  velocity,  fuel 
thermal  input  and  preheat  temperature  of  the  combustion  air. 

2.  Materials  and  methods 

Fig.  1  shows  schematically  the  combustor  used  in  this  study.  The 
combustion  chamber  is  a  cylinder  with  an  inner  diameter  of 
150  mm  and  a  length  of  300  mm.  The  burner  is  placed  at  the  top 
end  of  the  combustion  chamber  and  the  exhaustion  of  the  burned 
gases  is  at  the  bottom  end  through  a  convergent  nozzle  with 
a  length  of  50  mm  and  an  angle  of  35°.  There  are  five  ports  along 
the  length  of  the  combustion  chamber,  each  one  with  a  diameter  of 
20  mm,  which  allow  for  the  introduction  of  probes  inside  the 
combustion  chamber.  The  combustion  chamber  is  equipped  with 
an  electrical  heating  system  that  allows  preheating  the  combustor 
walls  up  to  =900  °C.  Two  thermocouples  type  K,  installed  in  the 
combustion  chamber  as  shown  in  Fig.  1  (Ti  and  T2),  are  used  to 
monitor  the  wall  temperatures  and  to  evaluate  the  temperature 
gradients  along  the  combustor.  As  seen  in  Fig.  1,  the  burner  consists 
of  a  central  gas  gun  (i.d.  4  mm,  o.d.  6  mm)  and  a  combustion  air 
supply  in  a  conventional  double  concentric  configuration.  A 


singular  aspect  of  the  present  study  is  linked  with  the  burner 
configuration,  which  has  contiguous  fuel  and  air  inlets,  in  contrast 
with  most  previous  studies  where  the  fuel  and  air  inlets  are  located 
well  apart.  In  our  combustor,  the  entrainment  of  combustion 
products  in  the  air  jet  before  combustion  takes  place,  which  is 
crucial  to  attain  flameless  conditions,  is  achieved  by  the  high 
momentum  of  the  air  jet  rather  than  by  the  distance  between  the 
air  and  fuel  jets.  The  combustion  air  is  preheated  by  an  electrical 
heating  system  that  allows  inlet  air  temperatures  up  to  700  °C, 
which  are  monitored  by  a  type  K  thermocouple  installed  in  the 
wind  box  (not  shown  in  Fig.  1). 

Local  mean  temperature  measurements  were  obtained  using 
76  pm  diameter  fine  wire  platinum/platinum:  13%  rhodium  ther¬ 
mocouples.  The  hot  junction  was  installed  and  supported  on 
350  pm  wires  of  the  same  material  located  in  a  twin-bore  alumina 
sheath  with  an  external  diameter  of  5  mm.  The  uncertainty  due  to 
radiation  heat  transfer  was  estimated  to  be  less  than  5%  by 
considering  the  heat  transfer  by  convection  and  radiation  between 
the  thermocouple  bead  and  the  surroundings. 

The  sampling  of  the  gases  for  the  measurement  of  local  mean 
O2,  CO,  CO2,  unburned  hydrocarbons  (HC)  and  NOx  concentrations 
was  achieved  using  a  stainless  steel  water-cooled  probe.  It  was 
composed  of  a  central  2  mm  internal  diameter  tube  through  which 
quenched  samples  were  evacuated.  This  central  tube  was  sur¬ 
rounded  by  two  concentric  tubes  for  probe  cooling.  The  gas  sample 
was  drawn  through  the  probe  and  part  of  the  system  by  an  oil-free 
diaphragm  pump.  A  condenser  removed  the  main  particulate 
burden  and  condensate.  A  filter  and  a  drier  removed  any  residual 
particles  and  moisture  so  that  a  constant  supply  of  clean  dry 
combustion  gases  was  delivered  to  the  analyzers  through  a  mani¬ 
fold  to  give  species  concentration  on  a  dry  basis.  The  analytical 
instrumentation  included  a  magnetic  pressure  analyzer  for  O2 
measurements,  a  non-dispersive  infrared  gas  analyzer  for  CO2  and 
CO  measurements,  a  flame  ionization  detector  for  HC 


Table  1 

Test  conditions.3 


Run 

Thermal 
input  (kW) 

Excess  air 
coefficient 

Inlet  air 
velocity  (m/s) 

Inlet  air 

temperature  (°C) 

Inlet  fuel 
velocity  (m/s) 

Temperature 

Ti  (°C)  —  see  Fig.  1 

Temperature 

T2  (°C)  —  see  Fig.  1 

Flue-gas 

temperature  (°C) 

1 

13 

1.2 

89 

590 

31.8 

900 

- 

- 

2 

13 

1.3 

92 

551 

31.8 

900 

- 

- 

3 

13 

1.4 

95 

540 

31.8 

900 

- 

- 

4 

13 

1.5 

109 

570 

31.8 

900 

- 

- 

5 

13 

1.6 

111 

543 

31.8 

900 

- 

- 

6 

13 

2.0 

139 

538 

31.8 

900 

- 

- 

7 

10 

1.1 

73 

720 

24.4 

949 

950 

1396 

8b 

10 

1.6 

103 

700 

24.4 

901 

911 

1271 

9b 

10 

2.0 

128 

700 

24.4 

900 

900 

1212 

10 

10 

2.3 

147 

700 

24.4 

900 

900 

1197 

11 

10 

2.5 

160 

700 

24.4 

900 

900 

1146 

12b-c 

15.6 

1.6 

155 

700 

38.1 

988 

980 

1355 

13 

12 

1.6 

120 

700 

29.3 

950 

957 

1338 

14 

10 

1.6 

103 

700 

24.4 

901 

911 

1271 

15 

8 

1.6 

82 

700 

19.6 

900 

900 

1278 

16 

15.6 

1.6 

155 

700 

38.1 

988 

980 

1355 

17 

12 

2.0 

153 

700 

29.3 

930 

930 

1263 

18 

10 

2.5 

160 

700 

24.4 

900 

900 

1146 

19 

8 

3.2 

164 

700 

19.6 

900 

900 

935 

20 

10 

1.6 

103 

700 

24.4 

901 

911 

1271 

21 

10 

1.6 

90 

600 

24.4 

900 

910 

1265 

22 

10 

1.6 

82 

500 

24.4 

900 

908 

1256 

23 

10 

1.6 

70 

400 

24.4 

900 

905 

1220 

24 

10 

1.6 

103 

700 

24.4 

901 

911 

1271 

25 

10 

1.7 

100 

600 

24.4 

900 

905 

1250 

26bc 

10 

2.0 

102 

500 

24.4 

899 

901 

1187 

27 

10 

2.3 

104 

400 

24.4 

900 

898 

990 

3  For  all  conditions:  inlet  fuel  temperature  =  20  °C. 

b  Measurements  of  axial  temperature  and  major  gas  species  mole  fraction  profiles. 
c  Measurements  of  radial  temperature  and  major  gas  species  mole  fraction  profiles. 
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measurements  and  a  chemiluminescent  analyzer  for  N0X 
measurements.  Zero  and  span  gas  calibration  with  standard 
mixtures  were  performed  before  and  after  each  measurement 
session.  The  major  sources  of  uncertainty  in  the  concentration 
measurements  inside  the  combustor  were  associated  with  the 
quenching  of  chemical  reactions  and  aerodynamic  disturbances  of 
the  flow.  Quenching  of  the  chemical  reactions  was  rapidly  achieved 
upon  the  samples  being  drawn  into  the  central  tube  of  the  probe 
due  to  the  high  water  cooling  rate  in  its  surrounding  annulus.  No 
attempt  was  made  to  quantify  the  probe  flow  disturbances.  On 
average,  the  repeatability  of  the  gas  species  concentration  data  was 
within  10%  of  the  mean  value. 

Flue-gas  data  were  obtained  using  also  the  procedures 
described  above  for  the  in-combustor  data  collection.  At  the 
combustor  exit,  probe  effects  were  negligible  and  errors  arose 
mainly  from  quenching  of  chemical  reactions,  which  was  found  to 
be  adequate.  Repeatability  of  the  flue-gas  data  was,  on  average, 
within  5%  of  the  mean  value. 

3.  Results  and  discussion 

The  experiments  performed  in  the  small-scale  combustor 
(Fig.  1),  fired  with  methane,  included  initially  detailed  flue-gas 
measurements  for  27  combustor  operating  conditions,  as 
summarized  in  Table  1.  Runs  1  to  11  allow  quantifying  the  effect 
of  the  excess  air  coefficient  on  the  combustor  performance;  runs 
12  to  15  and  runs  16  to  19  allow  quantifying  the  effect  of  the  fuel 
thermal  input  while  maintaining  constant  the  excess  air  coeffi¬ 
cient  and  (approximately)  the  inlet  air  velocity,  respectively;  and, 
finally,  runs  20  to  23  and  runs  24  to  27  allow  quantifying  the 
effect  of  the  inlet  air  temperature  while  maintaining  constant  the 
excess  air  coefficient  and  (approximately)  the  inlet  air  velocity, 
respectively.  Subsequently,  detailed  in-combustor  measurements 
of  local  mean  temperature  and  gas  species  concentrations  of  CQ, 
CO2,  CO,  HC  and  NOx  for  four  representative  combustor  operating 
conditions  (runs  8,  9,  12  and  26  in  Table  1)  have  also  been 
performed. 

3.1.  General  aerodynamic  characteristics  of  the  present  flames 

In  order  to  help  the  understanding  of  the  discussion  of  the 
results  presented  below,  Fig.  2  shows  the  gas  flow  pattern  for  run 
26  listed  in  Table  1,  as  predicted  in  a  parallel  modeling  study  [17]. 
The  high  momentum  of  the  air  jet  originates  a  long  recirculation 
zone  that  extends  up  to  the  exit  section  of  the  combustor.  Note  that 
the  computational  domain  extends  into  the  exhaust  duct,  which  is 
not  shown  in  Fig.  2,  so  that  the  predictions  are  not  influenced  by  the 
exit  boundary  condition.  Hot  combustion  products  entrain  into  the 
recirculation  zone,  transporting  momentum  and  energy  to  this 
region.  The  hot  temperature  of  the  combustor  walls  contributes  to 
maintain  the  temperature  and  species  concentration  fields  rela¬ 
tively  uniform.  The  computed  recirculation  rate,  as  defined  in 
Wiinning  and  Wunning  [2],  is  1.9.  The  high  recirculation  ratio 
promotes  significant  mixing  between  the  air  and  the  recirculated 
combustion  products  prior  to  reaction  with  the  fuel,  which  is  a  key 
feature  of  the  flameless  oxidation  regime. 

In  the  present  study,  visual  observation  through  the  inspection 
ports  revealed  that  there  was  no  visible  flame  for  the  combustor 
operating  conditions  examined.  It  was  also  observed  that 
combustion  was  stable,  with  very  low  noise.  The  results  presented 
in  Section  3.2  show  no  evidence  of  temperature  or  CO  peaks  (flame 
front).  Finally,  the  NO  and  CO  emissions  presented  in  Section  3.3  are 
quite  low.  All  these  observations  and  results  indicate  that  the 
combustor  was  operating  under  flameless  combustion  conditions. 


Fuel 
Air — .I 


Fig.  2.  Predicted  flow  pattern  for  run  26  listed  in  Table  1. 

3.2.  In-combustor  measurements 

Fig.  3  shows  the  axial  temperature  profiles  for  runs  8,  9, 12  and 
26,  Fig.  4  shows  the  axial  O2  and  CO2  mole  fraction  profiles  also  for 
runs  8,  9,  12  and  26  and  Fig.  5  shows  the  axial  CO  and  HC  mole 
fraction  profiles  for  the  same  four  runs.  Data  for  in-combustor  NOx 


Fig.  3.  Axial  temperature  profiles  for  runs  8,  9, 12  and  26. 
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Axial  distance  (mm)  Axial  distance  (mm) 

Fig.  4.  Axial  02  and  C02  mole  fraction  profiles  for  runs  8,  9, 12  and  26. 


mole  fractions  are  not  showed  owing  to  the  very  low  measured 
values  throughout  the  combustor  in  agreement  with  the  very  low 
NOx  emissions  reported  below.  Altogether  runs  8,  9, 12  and  26  allow 
examining  the  effects  of  the  excess  air  coefficient,  fuel  thermal 
input  and  inlet  air  temperature  on  the  combustor  performance. 

Fig.  3  reveals  that  the  increase  in  the  excess  air  level  from  run  8 
to  9  yielded  lower  gradients  in  the  axial  temperature  profile  and 
reduced  temperature  values.  In  run  9  (A  =  2)  the  temperature 
maximum  is  located  in  a  position  closer  to  the  combustor  exit  and 
presents  a  lower  value  than  in  run  8  (A  =  1.6).  These  results  indicate 
that  in  run  9  the  combustion  process  is  less  intense  and  distributed 
over  a  larger  volume  of  the  combustion  chamber  than  in  run  8. 

A  comparison  between  the  axial  temperature  profiles  of  runs  8 
and  12  (Fig.  3)  indicates  that  the  fuel  thermal  input  changes  qual¬ 
itatively  the  shape  of  the  profile  in  the  near  burner  zone.  In  run  8 
(thermal  input  =  10  kW)  the  temperature  increases  linearly  in  the 
first  200  mm  from  the  burner,  while  in  run  12  (thermal 
input  =  15.6  kW)  the  temperature  profile  presents  an  inflection 
point  at  x  =  140  mm  (x  is  the  distance  from  the  burner)  and 
a  steeper  gradient  in  the  region  situated  between  x  =  140  and 
180  mm.  The  inflection  point  indicates  that  it  is  here  that  the 
combustion  process  becomes  more  intense.  In  both  runs  the 
temperature  maxima  are  located  at  about  the  same  position  being 
the  temperature  evolution  after  the  maxima  very  similar  for  both 
runs,  with  a  smooth  decrease  in  the  temperature  towards  the 
combustor  exit.  The  temperature  maximum  and  the  temperatures 
measured  in  the  lower  part  of  the  combustor  are,  however,  higher 
in  run  12. 


The  on-axis  temperature  data  measured  for  runs  9  and  26 
indicate  that  the  inlet  air  temperature  and  the  inlet  air  velocity  do 
not  affect  significantly  the  temperature  evolution  along  the 
combustor.  In  fact,  the  difference  between  the  measured  temper¬ 
atures  in  runs  9  and  26  is  nearly  constant  and  roughly  equal  to  the 
difference  of  the  inlet  air  temperatures  of  the  two  runs. 

Fig.  4  reveals  that  the  CO2  mole  fraction  profiles  present  quali¬ 
tatively  the  same  trends  as  those  of  the  temperature,  being  the  O2 
mole  fraction  profiles  complementary  of  those  of  the  C02.  The 
results  reveal  that  the  axial  evolution  of  the  O2  and  CO2  mole 
fractions  are  mainly  influenced  by  the  excess  air.  In  runs  9  and  26 
(both  with  A  =  2)  the  CO2  mole  fractions  increase  continuously  and 
approximately  linearly  until  the  end  of  the  combustion  chamber 
and  the  O2  mole  fractions  decrease  in  a  similar  way.  In  runs  8  and  12 
the  CO2  mole  fractions  increase  up  to  x  =  200  mm,  beyond  which 
they  remain  constant  until  the  exit  of  the  combustor.  The  O2  mole 
fractions  present  a  complementary  evolution.  These  results, 
together  with  the  temperature  profiles  shown  in  Fig.  3,  indicate 
that  in  runs  8  and  12  the  combustion  process  occurs  mainly  during 
the  first  200  mm  of  combustion  chamber,  while  in  runs  9  and  26 
the  combustion  process  develops  over  a  larger  volume  of  the 
combustion  chamber. 

The  fuel  thermal  input  affects  only  marginally  the  evolution  of 
the  on-axis  02  and  C02  mole  fractions  (comparison  between  runs  8 
and  12).  However,  the  profiles  of  O2  and  CO2  mole  fractions  present 
an  inflection  point  for  both  runs  8  and  12,  as  observed  earlier  in  the 
corresponding  temperature  profile  of  run  12,  but  in  contrast  with 
run  8  (see  Fig.  3). 


Fig.  5.  Axial  CO  and  HC  mole  fraction  profiles  for  runs  8,  9, 12  and  26. 
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The  level  of  preheating  of  the  combustion  air  has  also  a  small 
influence  in  the  evolution  of  the  O2  and  CO2  mole  fraction  profiles 
(comparison  between  runs  9  and  26).  In  fact,  the  profiles  for  runs  9 
and  26  are  rather  similar.  In  run  9,  where  the  inlet  air  temperature 
is  higher,  the  O2  and  CO2  mole  fractions  reach  values  analogous  to 
those  measured  at  the  exhaust  of  the  combustor,  while  in  run  26 
the  O2  and  CO2  mole  fractions  reveal  a  tendency  to  decrease  and 
increase,  respectively,  up  to  the  exit  of  the  combustor. 

Fig.  5  shows  that  in  runs  8  and  12  the  HC  mole  fractions  decrease 
approximately  linearly  until  zero  at  x  ~  200—225  mm.  These  runs 
present  a  similar  evolution  of  the  CO  mole  fractions  —  note  that  in 
run  12  the  region  situated  between  x  =  150  and  200  mm  presents 
CO  mole  fraction  values  that  exceeded  the  upper  range  of  the 
analyzer  used  (0.5%).  The  fuel  thermal  input  has  a  reduced 


influence  in  the  HC  mole  fraction  profiles.  However,  run  12,  which 
has  the  higher  fuel  thermal  input,  presents  a  higher  gradient  in  the 
region  between  x  =  120  and  180  mm,  as  also  observed  earlier  for 
the  temperature  and  the  O2  and  CO2  mole  fractions. 

A  comparison  between  runs  8  and  9  indicates  that  increasing  the 
excess  air,  while  maintaining  constant  the  fuel  thermal  input  and  the 
inlet  air  temperature,  smoothes  the  CO  and  HC  mole  fraction  profiles 
and  distributes  the  CO  and  HC  mole  fractions  over  a  larger  volume  of 
the  combustion  chamber.  In  run  9  the  CO  appears  in  the  combustion 
chamber  further  downstream  than  in  run  8,  reaching  values  close  to 
zero  only  near  the  combustor  exit.  The  HC  oxidation  also  ends  later 
in  the  combustion  chamber  for  run  9.  These  results  clearly  indicate 
that  the  combustion  process  in  run  9  is  distributed  over  a  larger 
volume  of  the  combustion  chamber  than  in  run  8. 
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Fig.  6.  Radial  temperature  (left)  and  02  mole  fraction  (right)  profiles  for  runs  12  and  26. 
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Finally,  a  comparison  between  runs  9  and  26  indicates  that 
reducing  the  inlet  air  temperature  creates  an  effect  similar  to  that  of 
increasing  the  excess  air,  that  is,  the  CO  and  HC  mole  fraction 
profiles  present  smoother  evolutions  and  the  CO  appears  in  the 
combustion  chamber  further  downstream.  The  results  for  run  26 
clearly  show  that  the  reaction  zone  extends  beyond  the  end  of  the 
combustor,  as  evidenced  by  the  HC  and  CO  emissions  measured  for 
this  run. 

The  measurements  of  temperature  and  gas  species  mole  frac¬ 
tions  give  a  clear  indication  of  the  extension  of  the  reaction  zone. 
The  results  demonstrate  that,  under  flameless  conditions,  the 
combustion  process  is  distributed  over  a  large  volume  of  the 


combustor.  The  axial  evolution  of  the  temperatures  and  major  gas 
chemical  species  is  rather  smooth.  The  maximum  temperatures 
measured  are  relatively  moderate,  even  when  the  level  of  pre¬ 
heating  of  the  combustion  air  is  relatively  high. 

The  results  obtained  suggest  that,  amongst  the  parameters 
studied,  the  excess  air  coefficient  is  the  one  that  affects  most  the 
reaction  zone.  It  was  concluded  that  an  increase  in  excess  air 
reduces  the  combustion  intensity  and  extends  the  reaction  zone 
over  a  larger  volume  of  the  combustion  chamber. 

The  fuel  thermal  input  changes  slightly  the  axial  temperature 
profile  but,  overall,  has  a  reduced  influence  on  the  combustion 
process  as  concluded  from  the  axial  gas  species  mole  fraction  profiles. 
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Fig.  7.  Radial  C02  mole  fraction  (left)  and  CO  mole  fraction  (right)  profiles  for  runs  12  and  26. 
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The  reduction  of  the  level  of  preheating  of  the  combustion  air 
lowers  the  temperature  along  the  axis  of  the  combustion  chamber 
and  smoothes  the  axial  HC  and  CO  mole  fractions  profiles.  The 
decrease  in  the  temperature  reduces  the  reaction  rates  and  slows 
down  the  combustion  process. 

In  order  to  enhance  the  knowledge  that  emerged  from  the 
measurements  of  the  temperature  and  gas  species  mole  fractions 
along  the  combustor  axis  for  runs  8,  9, 12  and  26,  these  trials  were 
complemented  by  detailed  combustion  measurements  throughout 
the  combustor  for  runs  12  and  26  (see  Table  1).  Fig.  6  shows  the 
radial  temperature  and  O2  mole  fraction  profiles,  Fig.  7  shows  the 
radial  C02  and  CO  mole  fraction  profiles  and  Fig.  8  shows  the  radial 
HC  and  NOx  mole  fraction  profiles  for  these  two  runs. 


Fig.  6  shows  that  the  radial  temperature  profiles  are  extremely 
homogeneous,  with  the  exception  of  the  measured  profiles  in  the 
near  burner  region.  At  x  =  30  and  90  mm  the  temperature  profiles 
illustrate  clearly  the  expansion  of  the  central  jet.  This  is  the  region 
where  intense  mixing  between  the  fuel,  the  combustion  air  and  the 
recirculated  flue-gases  takes  place.  Here  the  temperature  profiles 
are  rather  homogeneous,  being  the  02  mole  fraction  profiles  less 
homogeneous  due  to  the  high  momentum  of  the  central  jet. 

In  the  recirculation  zone  (see  also  Fig.  2),  the  temperature  and 
02  mole  fraction  profiles  are  fairly  uniform  and,  in  the  case  of  the 
oxygen,  the  values  are  similar  to  those  measured  in  the  flue-gases. 
In  the  case  of  the  temperature,  the  profiles  measured  in  the  recir¬ 
culation  zone  near  the  top  of  the  combustion  chamber  reveal  lower 
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Fig.  8.  Radial  HC  mole  fraction  (left)  and  NOx  mole  fraction  (right)  profiles  for  runs  12  and  26. 
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Fig.  9.  Effect  of  the  excess  air  coefficient  (A)  on  N0X,  CO  and  HC  emissions. 


values  than  those  registered  in  the  flue-gases.  This  is  due  to  the 
heat  losses  along  the  walls  of  the  combustor  from  the  hot  recir¬ 
culated  gases.  This  situation  is  clearer  in  run  12,  where  the 
measured  temperatures  are  higher,  which  explains  why  at 
x  =  30  mm  the  measured  temperatures  are  similar  for  both  runs 
while  at  x  =  270  mm  the  measured  temperatures  in  run  12  are 
much  higher  than  those  measured  in  run  26. 

Fig.  7  indicates  that  the  evolutions  of  O2  and  CO2  mole  fractions 
are  complementary.  With  the  exception  of  the  profiles  measured  at 
x  =  150  mm  in  run  12,  where  the  temperature  profile  is  nearly 
homogeneous  and  the  CO2  mole  fractions  still  show  a  slight 
gradient  near  the  combustor  axis,  the  CO2  mole  fractions  exhibit  an 
evolution  qualitatively  comparable  to  that  of  the  temperatures.  A 
comparison  between  the  profiles  measured  in  the  near  burner 
region  discloses  that  the  evolution  is  similar  for  both  runs.  In  this 
region,  the  gradient  of  the  C02  mole  fraction  profiles  near  the 
combustor  axis  is  smooth.  In  the  recirculation  zone,  the  profiles  are 
uniform  and  differ  only  because  of  the  different  excess  air.  At  the 
end  of  the  combustion  chamber  the  CO2  mole  fraction  profiles  for 
run  12  are  uniform  while  those  for  run  26  still  present  a  small 
gradient. 

Fig.  7  reveals  that  the  CO  mole  fractions  are  always  <0.5%.  The 
CO  mole  fraction  profiles  for  run  26  are  more  homogeneous  than 
those  for  run  12.  In  run  12,  at  x  =  90  mm,  CO  appears  in  the  zone  of 
interaction  between  the  central  jet  and  the  recirculation  zone.  At 
x  =  150  and  210  mm,  with  the  progress  of  the  combustion  process, 
there  is  an  increase  in  the  CO  mole  fractions  near  the  combustor 
axis,  which  is  subsequently  converted  to  CO2  as  confirmed  at 
x  =  270  mm. 

The  radial  CO  mole  fraction  profiles  support  the  conclusions 
drawn  from  the  axial  CO  profiles.  In  run  26  the  CO  appears  in 
regions  closer  to  the  combustor  exit  than  in  run  12,  being  the  values 
lower.  The  lower  CO  mole  fraction  values  measured  in  run  26  are 


partly  due  to  the  effect  of  the  dilution  promoted  by  the  higher 
excess  air.  On  the  other  hand,  the  axial  CO  mole  fraction  profile 
indicates  that  in  run  26  the  CO  formation  occurs  mainly  at  the  end 
of  the  combustor  beyond  x  =  270  mm. 

Fig.  8  reveals  that  the  HC  and  CO  mole  fraction  profiles  for  runs 
12  and  26  present  a  qualitatively  similar  behavior.  Note  that  at 
x  =  90  mm  it  was  not  possible  to  measure  the  HC  mole  fraction 
around  the  combustor  axis  because  it  exceeded  the  maximum 
range  of  the  HC  analyzer  (0.5%).  As  suggested  by  the  axial  HC  mole 
fraction  profiles,  the  radial  HC  profiles  confirm  that  the  combustion 
process  in  run  26  is  distributed  over  a  larger  volume  of  the 
combustion  chamber  than  in  run  12,  reaching  regions  beyond  the 
combustor  exit,  already  in  the  exhaust  duct.  The  NOx  mole  fractions 
measured  throughout  the  combustor  are  extremely  low  and  are 
consistent  with  the  measured  values  in  the  flue-gases.  In  fact,  the 
temperature  measurements  indicate  that  they  only  exceed  1400  °C 
in  run  12,  which  explains  the  very  low  measured  NOx  levels. 

3.3.  Flue-gas  measurements 

Fig.  9  shows  the  effect  of  the  excess  air  coefficient  (A)  on  NOx,  CO 
and  HC  emissions  for  two  series  of  runs  (runs  1  to  6  and  runs  7  to  11 
—  see  Table  1 ).  In  runs  1  to  6  the  fuel  thermal  input  was  13  kW  and 
the  inlet  air  temperature  varied  between  538  °C  and  590  °C,  while 
in  runs  7  to  11  the  fuel  thermal  input  was  10  kW  and  the  inlet  air 
temperature  varied  between  700  °C  and  720  °C.  It  is  observed  that 
NOx  emissions  are  extremely  low  (<6  ppm@15%  O2)  for  both 
thermal  inputs,  as  expected  for  flameless  oxidation  conditions, 
even  near  stoichiometry  with  a  relatively  high  level  of  air  pre¬ 
heating.  Both  CO  and  HC  emissions  have  the  same  trends,  i.e.,  they 
are  extremely  low  for  small  values  of  A.  However,  for  values  of  A  >  2, 
CO  and  HC  emissions  become  important  and  have  a  linear  increase 
with  the  value  of  A.  This  is  because  an  increase  in  the  excess  air  level 


Fig.  10.  Effect  of  the  fuel  thermal  input  on  N0X,  CO  and  HC  emissions. 
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Fig.  11.  Effect  of  the  inlet  air  temperature  on  NOx,  CO  and  HC  emissions. 


causes  a  reduction  in  the  temperature  inside  the  combustor,  as 
typified  by  the  temperature  of  the  exhaust  gases  displayed  in 
Table  1,  which  slows  down  the  reaction  rate  and  hence  increases 
the  level  of  CO  and  HC  emissions. 

Fig.  10  shows  the  effect  of  the  fuel  thermal  input  on  NOx,  CO  and 
HC  emissions  for  two  series  of  runs  (runs  12  to  15  and  runs  16  to  19 
—  see  Table  1 ).  In  runs  12  to  15  the  variations  in  fuel  thermal  input 
are  accompanied  by  variations  in  the  inlet  air  velocity  while 
maintaining  constant  the  level  of  excess  air,  whereas  in  runs  16  to 
19  the  variations  in  fuel  thermal  input  are  accompanied  by  varia¬ 
tions  in  the  excess  air  level  while  maintaining  approximately 
constant  the  inlet  air  velocity.  In  all  these  runs  the  inlet  air 
temperature  was  kept  equal  to  700  °C.  It  is  seen  that  NOx  emissions 
are  extremely  low  regardless  of  the  fuel  thermal  input.  This 
suggests  that,  under  flameless  oxidation  conditions,  the  thermal 
density  in  the  combustor  does  not  affect  the  NOx  emissions.  The 
emissions  of  CO  and  HC  are  important  for  the  smaller  values  of  the 
fuel  thermal  input.  The  reduction  of  the  thermal  density  in  the 
combustor  for  higher  excess  air  levels  and  smaller  thermal  inputs, 
as  typified  by  the  temperature  of  the  exhaust  gases  displayed  in 
Table  1,  causes  a  reduction  of  the  temperature  inside  the 
combustor.  This  slows  down  the  reaction  rates  and  increases  the 
emissions  of  CO  and  HC. 

Fig.  11  shows  the  effect  of  the  combustion  inlet  air  temperature 
on  NOx,  CO  and  HC  emissions  for  two  series  of  runs  (runs  20  to  23 
and  runs  24  to  27  —  see  Table  1 ).  In  runs  20  to  23  the  variations  in 
the  inlet  air  temperature  are  accompanied  by  variations  in  the  inlet 
air  velocity  while  maintaining  constant  the  level  of  excess  air, 
whereas  in  runs  24  to  27  the  variations  in  the  inlet  air  temperature 
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Fig.  12.  NOx  emissions  and  combustion  efficiency  as  a  function  of  the  parameter 

(lair/Tfuel)  x  (^fuel/^air  )■ 


are  accompanied  by  variations  in  the  excess  air  level  while  main¬ 
taining  constant  the  inlet  air  velocity.  In  all  these  runs  the  fuel 
thermal  input  was  kept  equal  to  10  kW.  The  results  show  that, 
under  flameless  oxidation  conditions,  the  inlet  air  temperature  has 
no  effect  on  the  very  low  NOx  emissions.  The  results  also  show  that 
above  600  °C  the  inlet  air  temperature  has  no  significant  effects  on 
CO  and  HC  emissions.  For  lower  values  of  the  inlet  air  temperature, 
CO  emissions  become  significant  and  HC  emissions  extremely  high. 
The  reduction  of  the  inlet  air  temperature  reduces  the  temperature 
inside  the  combustion  chamber,  which  slows  down  the  oxidation  of 
the  fuel,  causing  CO  and  HC  emissions  to  increase. 

Fig.  12  shows  the  effect  of  the  parameter 
(Tajr/Tfuei)  x  (riifUei/rhair)  on  NOx  emissions  and  combustion  effi¬ 
ciency.  Note  that  the  data  presented  in  Fig.  12  includes  all  the 
experimental  conditions  analyzed  in  this  study.  Combustion  effi¬ 
ciency  is  defined  here  as  r  =  100  x  [1  -  EIco  x  (AHCo/ 
AHqm)  -  EIhc].  where  the  emissions  are  expressed  in  terms  of  the 
emission  index  (El)  and  AHj  is  the  lower  heating  value  of  species  i. 
The  results  show  that  the  parameter  (Tair/rfue|)  x  (riifuei/mair) 
correlates  well  with  the  combustion  efficiency  and  reasonably  well 
with  the  NOx  emissions.  For  values  of  (Tair/Tfue|)  x  (rhfue|/rriair) 
greater  than  =0.1  the  combustion  efficiency  is  100%  and  the  NOx 
emissions  increase  linearly  while  for  lower  values  of  that  parameter 
the  combustion  efficiency  changes  linearly  and  the  NOx  emissions 
are  constant  and  close  to  zero.  Small  values  of  riifllel/rhair  represent 
large  values  of  A,  which  together  with  the  small  values  of  the  inlet 
air  temperature,  reduce  the  temperature  inside  the  combustion 
chamber.  Therefore  the  reaction  rate  decreases,  both  the  CO  and  HC 
emissions  increase  and  both  the  combustion  efficiency  and  the  NOx 
emissions  decrease.  For  higher  values  of  (Tair/Tfue|)  x  (rhfue|/mair) 
the  NOx  emissions  increase  slightly  presumably  because  of  the 
higher  in-combustor  temperatures. 

4.  Conclusions 

Measurements  have  been  obtained  in  a  methane-fired  small- 
scale  combustor  operating  under  flameless  conditions.  The  results 
include  detailed  measurements  of  local  mean  temperatures  and 
concentrations  of  major  gas  species  for  four  representative 
combustor  operating  conditions,  and  flue-gas  measurements  for  27 
operating  conditions  to  quantify  the  combustor  performance  as 
a  function  of  the  excess  air  coefficient,  inlet  air  velocity,  fuel 
thermal  input  and  preheat  temperature  of  the  combustion  air.  For 
the  present  combustor  configuration  it  was  demonstrated  that  it  is 
possible  to  establish  flameless  conditions  over  a  wide  range  of 
operating  conditions.  The  detailed  in-combustor  data  disclose  that 
the  temperature,  carbon  dioxide  and  oxygen  molar  fraction  fields 
are  relatively  uniform,  without  the  large  gradients  typically 
observed  in  conventional  flames.  The  temperature,  CO2  and  O2 
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mole  fraction  profiles  present,  however,  a  lower  uniformity  in  the 
vicinity  of  the  air  injection.  The  in-combustor  data  also  reveal  that 
the  maximum  mean  temperatures  reached  throughout  the 
combustion  chamber  are  relatively  moderate,  below  1500  °C,  even 
under  conditions  in  which  the  level  of  preheating  of  the  combus¬ 
tion  air  is  relatively  high.  The  flue-gas  data  reveal  that  NOx  emis¬ 
sions  are  always  low  regardless  of  the  combustor  operating 
conditions.  However,  the  CO  and  HC  emissions,  and  thus  the 
combustion  efficiency,  are  strongly  affected  by  the  levels  of  excess 
air  and  preheating  of  the  combustion  air.  It  was  found  that  the 
combustion  efficiency  correlates  reasonably  well  with  the  param¬ 
eter  (Tair/Tfuel)  x  (rhfuei/rhaiI.),  varying  linearly  with  it  if  its  value  is 
below  =  0.1  and  remaining  equal  to  approximately  100%  otherwise. 
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